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Since their discovery, topological insulators have been expected to be ideal spintronic materials
owing to the spin currents carried by surface states with spin–momentum locking. However, the
bulk doping problem remains an obstacle that hinders such application. In this work, we predict
that a newly discovered family of topological materials, the Weyl semimetals, exhibits large intrinsic
spin Hall effects that can be utilized to generate and detect spin currents. Our ab initio calculations
reveal a large spin Hall conductivity that is comparable to that of 4d and 5d transition metals.
The spin Hall effect originates intrinsically from the bulk band structure of Weyl semimetals, which
exhibit a large Berry curvature and spin–orbit coupling, so the bulk carrier problem in the topological
insulators is naturally avoided. Our work not only paves the way for employing Weyl semimetals
in spintronics, but also proposes a new guideline for searching for the spin Hall effect in various
topological materials.
Topological insulators (TIs) are characterized by
metallic surface states inside the bulk energy gap [1, 2],
in which the spin and momentum are locked together
with a vortex-like spin texture. Because counterprop-
agating surface states carry opposite spins, if charge
current is introduced into a nominally perfect TI (with
no bulk conductivity), the current should be fully spin-
polarized. Thus, TIs have been considered as excellent
materials for generating spin current, and this expecta-
tion has stimulated several recent experimental studies
of the spin Hall effect (SHE) in TIs such as Bi2Se3 [3]
and (Bi0.5Sb0.5)2Te3 [4] that demonstrated highly effi-
cient spin current conversion. However, the unavoidable
bulk carrier problem remains an obstacle to widespread
application of TIs. Interestingly, an exotic type of topo-
logical semimetal, the Weyl semimetal (WSM), exhibits
similar spin–momentum locking in both the bulk and
topological surface states [5–9]. Therefore, we are mo-
tivated to study the SHE, which refers to transverse spin
current generation by a longitudinal charge current and is
essential for state-of-the-art spintronic applications [10],
in this new family of topological materials.
In a WSM, the conduction and valence bands cross
each other linearly in the three-dimensional (3D) mo-
mentum space near the Fermi energy through nodal
points, called Weyl points, in a 3D analog of the band
structure of graphene. Because of strong spin–orbit
coupling (SOC), the Weyl points act as sources or
sinks of the Berry curvature [11], which characterizes
the entanglement between the conduction and valence
bands. Here, we naturally expect the existence of a
large SHE intrinsically originating from the bulk band
structure, because the SHE is derived from the spin–
momentum locking and Berry curvature of the electronic
bands [12, 13]. Recently, the first family of WSMs was
predicted [14, 15] and discovered by angle-resolved pho-
toemission spectroscopy [16–19] in the transition-metal
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TABLE I. Nonzero tensor elements of the spin Hall conduc-
tivity for four WSM compounds. The Fermi energy is set to
the charge neutral point, which is very close to the real chem-
ical potential in materials. The spin Hall conductivity is in
units of (~/e)(Ω · cm)−1.
TaAs TaP NbAs NbP
σzxy –781 –603 –330 7
σyzx –382 –437 –312 –83
σxyz –357 –344 –260 –135
pnictides TaAs, TaP, NbAs, and NbP (and also in pho-
tonic crystals [20]). Further, much effort has been de-
voted to determining their transport properties, such as
the chiral anomaly effect [21–24] and extremely large
magnetoresistance [25, 26].
In this work, we investigated the intrinsic SHE of
the TaAs family of WSMs by ab initio calculations and
indeed observed a large spin Hall conductivity (SHC),
which originates from the nodal-line-like band anti-
crossing near the Fermi energy. The SHC is anisotropic,
suggesting that the crystallographic ab surface is the fa-
vored plane for setting up the orthogonal charge and spin
currents in experiments. Because the SHE of WSMs orig-
inates from the bulk electronic states rather than the sur-
face states, WSMs do not exhibit the bulk doping prob-
lem that affects TI materials. Therefore, we argue that
WSMs may be superior to TIs for SHE devices, as we
demonstrate a strong SHE in WSMs.
Density-functional theory (DFT) calculations within
the generalized gradient approximation [27, 28] was
carried out for the bulk compounds. The ab initio
DFT wave functions were projected to atomic-orbital-like
Wannier functions [29], based on which we constructed an
effective Hamiltonian Hˆ in a tight-binding scheme. We
note that Wannier functions were well optimized, so that
the effective Hamiltonian fully respects the symmetry of
corresponding materials, which is crucial to compute the
SHE. Using above materials-specific effective Hamilto-
nian, we employed the Kubo formula approach at the
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2clean limit [12, 13] to calculate the SHC,
σkij = e~
∫
BZ
d~k
(2pi)3
∑
n
fn~kΩ
k
n,ij(
~k),
Ωs,kn,ij(
~k) = −2Im
∑
n′ 6=n
< n~k|Jˆki |n′~k >< n′~k|vˆj |n~k >
(En~k − En′~k)2
(1)
where the spin current operator Jˆki =
1
2
{
vˆi, sˆk
}
, with
the spin operator sˆ and velocity operator vˆi =
1
~
∂Hˆ
∂ki
, and
i, j, k = x, y, z. Furthre, |n~k > and En~k are the eigenvec-
tor and eigenvalue of the Hamiltonian Hˆ, respectively.
Ωs,kn,ij(
~k) is referred to as the spin Berry curvature, for
which the ordinary Berry curvature Ωn,ij(~k) can be ob-
tained by substituting the velocity operator vˆi for Jˆ
k
i . In
a system where sz is a good quantum number, it is simple
to understand the correlation between spin Berry curva-
ture and its ordinary counterpart, Ωs,zn,xy = szΩn,xy(
~k).
The temperature dependence is included in the Fermi–
Dirac distribution fn~k. From Eq. 1 one can see that the
SHC σkij (µ) is a third-order tensor and represents the
spin current (js,ki ) along the i-th direction generated by
an electric field (Ej) along the j-th direction, where the
spin current is polarized along the k-th direction, µ is the
Fermi energy, and js,ki = σ
k
ij(µ)Ej . For the integral in
Eq. 1, a dense grid of 500 × 500 × 500 was adopted in
the first Brilloun zone for the convergence of SHC values.
More information about the methods are in Ref. [30].
We first demonstrate the SHE in two simple sys-
tems by effective model Hamiltonians, the quantum spin
Hall effect (QSHE) insulator and the Weyl semimetal.
For QSHE, the well-known Bernevig-Hughes-Zhang
model [31] was considered, where sz is preserved as a
good quantum number. We can simply compute its SHC
by Eq. 1. According to the Bernevig-Hughes-Zhang
model, the conduction and valence band get inverted
near the Brillouin zone center, where the band touching
points form a nodal line (see Fig. 1a). Without including
SOC, the SHC is zero. As long as SOC is turned on, the
nodal line is fully gapped out and nonzero SHC (σzyx) ap-
pears spontaneously. In the two-dimensional (2D) Bril-
louin zone, the SHC is dominantly contributed by the
band anti-crossing region near the original nodal line, as
shown in Fig. 1b. When the Fermi energy µ lies in the
energy gap where there is no Fermi surface, the SHC
is purely a topological quantity with a quantized value
G0(
~
2e ) where G0 =
2e2
h is the conductance quantum and
~
2e is the unit converting from charge current to spin cur-
rent. As long as µ starts merging into conduction or
valence bands, the SHC decreases due to the Fermi sur-
face contribution. From the 2D QSHE to the 3D TI, the
SHC is still related to the band anti-crossing, but not
FIG. 1. Spin Hall effect in a quantum spin Hall insulator
and a Weyl semimetal based on simple analytical models. In
a QSHE, the valence and conduction bands get inverted (a)
and SOC opens an energy gap at the nodal-ring band crossing
points (b). (c) The resultant SHC is quantized inside the en-
ergy gap, which is mainly contributed by the nodal-ring area
of the band structure. (d) Energy dispersion in ky=0 plane
for the WSM and corresponding spin Berry curvature distri-
bution with chemical potential crossing at the Weyl points.
(e) The upper panel is the energy dependent SHC for the
WSM, where the maximum value appears at the the Weyl
points. And the lower panel is the kz dependent SHC (σ
z
yx,
red line) and AHC (σAHyx , dashed blue line) integrated in the
kx− ky plane. None zero quantized SHC and AHC only exist
between these two Weyl points. The color bar in (b) and (d)
are in arbitrary units. The units for AHC and SHC are e
2
h
and ( e
2
h
)( ~
2e
), respectively.
necessarily quantized any more.
For a 3D WSM, we adopt a minimal Hamiltonian in
a two-band model [30, 32], where sz is preserved and
only a single pair of Weyl points appear at ±kW of the
kz axis. When Fermi energy crosses the Weyl points,
the Berry flux between this pair of Weyl points leads
to a non-integer anomalous Hall conductivity (AHC),
σAHyx = −kWpi e
2
h , which is proportional to the Weyl point
separation and reported in Refs. [33, 34]. Such anoma-
lous Hall effect current simply carries a spin current, since
the system is spin polarized. Therefore, we can easily
conclude that the corresponding SHC is
σzyx = −
sz
e
σAHyx = −
~
2e
σAHyx , (2)
where the “–” sign is due to the negative charge of elec-
trons. This is further verified by our numerical calcula-
3tions using Eq. 1. Near a single Weyl point, the spin
Berry curvature shows a p-orbital like distribution with
the Weyl point being the node, as shown in Fig. 1d,
which can be understood by projecting the monopole-
like Berry curvature to the sz axis. Here, the SHC ex-
hibits the maximum at the Weyl point in energy. If a
WSM preserves the time-reversal symmetry (TRS), the
anomalous Hall effect disappears while the SHE can still
survive, because the SHE is even under the time reversal.
Further, we investigate the SHE in specific materi-
als. The crystal structure of the TaAs family of com-
pounds belongs to the noncentrosymmetric tetragonal
lattice (space group I41md, No. 109). Thus, the cor-
responding SHE is anisotropic on the basis of the linear
response. The existing symmetries in the material, such
as TRS and mirror reflections, force many tensor ele-
ments to be zero or equivalent [35, 36], leaving only three
groups of nonzero elements, σzxy = −σzyx, σyzx = −σxzy,
and σxyz = −σyxz.
Table I shows the calculated SHC for four WSM com-
pounds, TaAs, TaP, NbAs, and NbP, in which the Fermi
energy lies at the electron–hole compensation (charge
neutral) point and the temperature is zero K. From right
to left, the amplitude of the SHC increases quickly for
a given SHC element, which is consistent with the in-
creasing trend of SOC for these four compounds [19, 37].
For a given compound (except NbP), σzxy is much larger
than the corresponding σyzx and σ
x
yz. This indicates that
the optimal setup to exploit the large SHC is to have
charge and spin currents lying inside the xy plane (i.e.,
ab plane), for example, charge current along the x di-
rection and spin current along the y direction. Taking
the temperature into account, we found that SHC re-
duces only slightly up to the room temperature, which is
consistent with the weak temperature dependence of the
intrinsic SHE [12].
The large amplitudes of the SHC (e.g., σzxy =
−781(~/e)(Ω · cm)−1 for TaAs) are comparable to the
values for ordinary 4d and 5d transition metals [38, 39].
A key criteria to benchmark a SHE material is the large
spin Hall angle, the ratio of the SHC over the charge
conductivity, which characterizes the efficiency convert-
ing the charge current to spin current. Compared to
Pt [38], the SHC of TaAs-family WSMs is still several
times smaller. However, it is reasonable to presume that
the charge conductivity of these semimetals is orders of
magnitude smaller than that of the metal Pt, when they
are all in the thin-film form to fabricate SHE devices.
Thus, we expect that the spin Hall angle of these WSMs
can be even larger than that of Pt. In addition to the
large spin-Hall conductivity, the spin life time and spin
diffusion length are also essential ingredients for device
applications, which is beyond our current calculations.
Considering the large electron mean free path observed
in transport (e.g. 0.4 µm for TaP [24]), one may obtain
long spin diffusion length in these WSMs as well.
Because the SHC depends on the Fermi energy (see
Eq. 1), it varies quickly when the Fermi energy is shifted
below or above the charge neutral point. As shown in Fig.
2, the σzxy values of NbAs and NbP can reach the maximal
amplitude of about 600 (~/e) (Ω · cm)−1 when the Fermi
energy lies at −0.1 eV. A slight downshift of the Fermi
energy can also increase the σzxy value of TaP to around
700 (~/e) (Ω · cm)−1. In contrast, the maximal σzxy value
appears almost at the electron–hole compensation point
for TaAs. The energy-dependent analysis indicates the
general route to optimizing the SHE in these materials.
FIG. 2. Energy-dependent spin Hall conductivity tensor
elements (σzxy, σ
y
zx, and σ
x
yz) for (a) TaAs, (b) TaP, (c) NbAs,
and (d) NbP. The Fermi energy is set to zero at the charge
neutral point. (e) Temperature-dependent SHC for TaAs. (f)
For completeness, the energy dispersion is shown.
The SHC exhibits peak values near the charge neu-
tral point, which is close to the Weyl points in energy.
It is known that the crossing points between the con-
duction and valence bands form nodal line loops in the
mirror planes of the Brillouin zone without SOC. When
SOC is included, the nodal lines are gapped out, leaving
only special gapless points, i.e., Weyl points, which are
located near the original nodal lines but away from the
4FIG. 3. Spin Berry curvature in the Brillouin zone. (a) First
Brillouin zone of TaAs. Black circls represent nodal line loops,
and green and yellow points represent Weyl points with oppo-
site chirality. The nodal lines lie in the mirror planes, which
are shown in gray. (b) Spin Berry curvature projected to the
kx− ky plane. Green and yellow points represent positions of
projected Weyl points with opposite chirality. (c) Spin Berry
curvature projected to the ky − kz plane. Black loops indi-
cate nodal lines. One can find that the spin Hall conductivity
arises mainly from the energy bands around the nodal lines.
Color bar is in arbitrary units.
mirror planes. Due to the lack of a whole indirect energy
gap, the Fermi energy still crosses some conduction and
valence bands near the nodal lines, as revealed in pre-
vious theoretical and experimental studies [24, 26, 40].
Taking σzxy for TaAs as an example, the corresponding
spin Berry curvatures are shown in Figs. 3b and 3c by
projecting them onto the kx − ky and ky − kz planes,
respectively. One can find that the dominant amplitude
of the spin Berry curvature (blue regions) is distributed
mainly around the nodal line area. This is well consistent
with the observation in the quantum spin Hall effect (see
Fig. 1), where the band anti-crossing contributes large
SHC. Further, we speculate that a large SHE will also
exist in other topological materials, especially those with
nodal-point and nodal-line-like Fermi surfaces and strong
SOC [7, 41–48]. When the Fermi energy crosses the Weyl
points, the spin Berry curvature exhibits p-orbital like
spatial distribution, very similar to the observation for
the simple two-band model (see Fig. 1 and Ref. [30]),
which is determined by the monopole feature of Berry
curvature near the Weyl point.
In summary, we theoretically predicted a strong SHE
in the TaAs family of Weyl semimetals. The nodal-line-
like Fermi surface was found to contribute to a large SHC,
where both trivial and Weyl pockets exist. Even though
the Weyl pockets diminish when the Fermi energy is suffi-
ciently close to the Weyl points, we still found an intrinsic
contribution to the SHC from the Weyl points as a pure
topological effect. Our findings regarding this family of
WSMs can also be generalized to other topological ma-
terials such as Dirac and nodal line semimetals.
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Appendix A: The quantum spin Hall effect in the
Benervig-Hughes-Zhang model
The Benervig-Hughes-Zhang model is written for the
quantum spin Hall insulator in the HgTe/CdTe quantum
wells [31]. In the basis of {|E1,mj = 1/2 >, |H1,mj =
3/2 >, |E1,mj = −1/2 >, |H1,mj = −3/2 >} the sys-
tem can be expressed by an effective model around Γ
point:
Heff (~k) =
(
H(~k)
H∗(−~k)
)
H(~k) = ε(~k) + di(~k)σi
(A1)
where σi are the Pauli matrices, d1 + id2 = A(kx + iky),
d3 = M − B(k2x + k2y), and ε(~k) = C −D(k2x + k2y). The
subbands of |E1,mj = ±1/2 > and |H1,mj = ±3/2 >
are two sets of Kramers’ partners with time reversal sym-
metry. The topological phase is decided by the sign of
M . This model changes from normal insulator to quan-
tum spin Hall insulator when the sign of M varies from
positive to negative. The effect of inversion symmetry
breaking is taken into consideration by
H ′ =
 0 0 0 40 0 −4 00 −4 0 0
4 0 0 0
 (A2)
In our calculations we have used the parameters of A =
−0.1 eV A˚, B = −0.5 eV A˚2, M = 0.1 eV, and4 = 0.001
eV. Since the term of ε(~k) has no effect for the topology
of the sysmterm, we have set the parameters of C and D
to zeros. In order to perform the intergral of spin Berry
curvature in the Brillouin zone, we have projected the
effective ~k ·~p model to a square lattice by the replacement
of ki = (1/a)sin(aki) and k
2
i = (2/a
2)(1− cos(aki)), and
for convenience we choose the lattice constant a to be 1
A˚.
5Appendix B: Two-band model for the Weyl
Semimetal
We have analyzed the effect of Weyl point to the spin
Hall conductivity and spin Berry curvature based on
the analytical two-band minimal model reported by Lu
et al. [32]. Under the basis of {|1 ↑>, |2 ↑>} the effective
model for Weyl semimetal can be written as
H0 = A(kxσx + kyσy) +M(k)σz (B1)
where, σx, σy, and σz are the Pauli matrices, and M(k) =
M0+M1(k
2
x+k
2
y+k
2
z). There are one pair of Weyl points
locateing at the negative and positive sides of the kz-axis,
as shown in Fig. B.4
In order to calculate the spin Hall effect, we extended
the minimal 2× 2 model to 4× 4 by including the spin-
down branch:
H =
(
H0 0
0 H1
)
(B2)
where, H1 = M
′(k)σz with the basis of {|1 ↓>, |2 ↓>},
and M ′(k) = M ′0 + M
′
1(k
2
x + k
2
y + k
2
z). The parameters
in the effetive model are set to A=-1.0 eV A˚, M0=-1.0
eV, and M1=-1.0 eV A˚
2
. The spin-up and spin-down
branches are separated by a big band gap by the pa-
rameters of M ′0=-10 eV, and M
′
1=-10 eV A˚
2
. We have
projected the effective ~k·~pmodel to a square lattice as dis-
cussed in the above Benervig-Hughes-Zhang model. The
Hall and spin Hall conductivities are obtained by the in-
tegral of Berry curvature and spin Berry curvature in the
first Brillouin zone, respectively.
FIG. B.4. Energy dispersion for the effective toy model
of Eq. B2. Two Wyle points with opposite chirality locate
at the positive and negative sides (−kW and kW ) of the kz-
axis. Two Weyl points are marked by the blue and red circles,
respectively.
Appendix C: Ab initio calculation Method
In order to get the effective tight binding model Hamil-
tonian for TaAs, TaP, NbAs, and NbP, we have investi-
gated the band structures for all the four compounds
by density functional theory (DFT) based first prin-
ciples calculations. Our DFT calculations were per-
formed by using the Vienna Ab initio Simulation Pack-
age (VASP) with projected augmented wave (PAW) po-
tential [28]. The exchange and correlation energy was
considered in the generalized gradient approximations
(GGA) level with Perdew-Burke-Ernzerhof (PBE) func-
tional [27]. The energy cut off for the plane wave basis
was set to 450 eV. Spin orbital coupling effect was in-
cluded in all the calculations. A 12 × 12 × 12 k point
sampling grid was used in the self consistent calculations,
and 51 k pionts was used between each two high symme-
try points in the band structure calculations.
FIG. C.5. Energy dispersions for TaAs, TaP, NbAs and
NbP from first principles calculations. The sizes of red and
blue dots are proportional to the contribution weight from
Ta/Nb-d orbitals and As/P-p orbitals.
The calculated band structures along high symmetry
lines in the reciprocal space are shown in Fig. C.5, from
which one can see that the bands around Fermi level are
mainly contributed from Ta/Nb-d and As/P-p orbitals.
Therefore, we have projected the DFT Bloch states onto
d and p atomic orbital like Wannier functions centered at
atoms of Ta/Nb and As/P, respectively [29]. Tight bind-
ing parameters are determined from the Wannier func-
tion overlap matrix. The good agreement between first
principle and tight binding band structures is presented
in Fig. C.6.
6FIG. C.6. Comparison of the bulk energy band struc-
tures obtained from the Wannier functions based tight bind-
ing model (red lines) and from the first-principles DFT cal-
culations (black solid lines).
Appendix D: Local spin Berry curvature
distribution around Weyl point for TaAs
The local spin Berry curvature distribution around
Weyl point was investigated for TaAs. Taking the com-
ponent of σzxy as an example, when the Fermi energy
is put at the Weyl point, as shown in Fig. D.7, spin
Berry curvature in TaAs also gives a p-like-orbital dis-
tribution around the Weyl point. Since the sz is not a
good quantum number any more as that in the effective
toy model, the p-like-orbital distribution is not excately
along z direction, but with tiny distortion. As shown in
Fig. D.7(a), in kz = 0 plane, the p-like-orbitals around
Weyl points are oriented in kx − ky plane and connected
by the two mirror planes of kx = 0 and ky = 0. While for
Weyl points out of kz = 0 plane, as given in Fig. D.7(b),
the p-like-orbitals oriented along kz direction, and the
Berry curvature around different Weyl points are related
by the mirror operation with respect to kx = 0, ky = 0,
as well as kz = 0 planes. Therefore, the spin Berry cur-
vature distribution in TaAs is fully consistent with that
in the effective model.
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